A neurysmAl subarachnoid hemorrhage (aSAH) continues to be associated with high morbidity and mortality despite advances in neurocritical care. 33 The natural history of aSAH suggests an overall mortality rate of approximately 50%, 14 with 10% of patients dying prior to reaching the hospital, 25% dying within 24 hours of aSAH onset, and 45% dying within 30 days. 3 The most important prognostic determinants for aSAH outcome are neurological grade on initial examination, volume of subarachnoid blood on initial CT, age, preexisting hyperten-ABBREVIATIONS ACA = anterior cerebral artery; APACHE-II = Acute Physiology and Chronic Health Evaluation-II; CI = confidence interval; CTA = CT angiography; DCI = delayed cerebral ischemia; DSA = digital subtraction angiography; HR = hazard ratio; ICA = internal carotid artery; MAP = mean arterial pressure; MCA = middle cerebral artery; mRS = modified Rankin Scale; OR = odd ratio; PCoA = posterior communicating artery; SAH = subarachnoid hemorrhage; UEAV = ultra-early angiographic vasospasm. 
sion, rebleeding, and cerebral infarction from delayed cerebral vasospasm. 12, 15, 19, 27 Typically, delayed cerebral vasospasm after aSAH begins 3 days after ictus and peaks after 7-8 days. Radiographic vasospasm is noted in 30%-70% of angiograms performed at Day 7 after aSAH. Twenty percent to 30% of patients develop clinical or symptomatic vasospasm, which heralds a poorer prognosis. 11, 18, 34 The frequency and clinical significance of ultra-early angiographic vasospasm (UEAV) is not well described. UEAV is defined as cerebral arterial narrowing within the first 48 hours of aneurysmal rupture. 2, 28 Two retrospective analyses of data obtained from the Tirilazad Mesylate in SAH clinical trial studies conducted between 1990 and 1997 have investigated the importance of UEAV. 2, 28 These studies found that UEAV was associated with poor functional outcome, but the characterization of UEAV was limited by the trial design and data available. In the current study we sought to assess the clinical significance of UEAV by determining its frequency, association to delayed cerebral ischemia (DCI), and impact on functional outcome.
Methods

Study Population
We prospectively enrolled 1286 consecutive patients with aSAH admitted to the Neurological Intensive Care Unit of Columbia University Medical Center between August 1996 and June 2013 in the Columbia University SAH Outcomes Project. The study was approved by the institutional review board of Columbia University Medical Center; in all cases written informed consent was obtained from the patient or a surrogate. Patients with SAH adjudicated to be secondary to perimesencephalic bleeds, or SAH related to trauma, rupture of an AVM, or other causes, and age < 18 years old were not enrolled in the study.
Clinical Management
Clinical management conformed to Neurocritical Care Society and American Heart Association guidelines. 6, 9 All patients underwent electrocardiograms on admission. Cardiac troponin I testing was performed on admission and thereafter when clinically indicated. All patients received oral nimodipine and intravenous hydration with 0.9% saline and supplemental fluids as needed to maintain euvolemia. Hypertensive hypervolemic therapy was initiated for symptomatic vasospasm or when severe angiographic vasospasm was diagnosed in poor-grade patients by increasing systolic blood pressure to 180-220 mm Hg.
21
Data Collection
Demographics, medical history, baseline clinical status, imaging results, as well as treatment and complications during hospitalization were recorded prospectively. Patients and/or their families were contacted at 3 months to conduct a follow-up interview to document their current level of functioning. All data are adjudicated in a weekly meeting with the clinical providers, which requires a consensus agreement of each data point.
Clinical and Radiological Variables
The diagnosis of aSAH was established by admission CT or by the presence of xanthochromia if the initial CT scan was nondiagnostic. All patients received CT angiography (CTA) and/or digital subtraction angiography (DSA) to determine the presence, size, and location of a ruptured aneurysm. UEAV was determined prospectively and defined as luminal narrowing of the intracranial arteries that was not attributable to intrinsic disease (e.g., arteriosclerosis) and was identified on angiography within 48 hours of ictus. 2, 28 The severity of UEAV cerebral vasospasm was determined retrospectively by neuroradiologists and/or neurointerventionalists for all patients enrolled after 2005 who had DSA available on the hospital Picture Archiving and Communications System. The presence and degree of vasospasm was made in comparison with the normal-caliber proximal vessel and/or the normal contralateral vessel. Mild cerebral vasospasm was defined as < 30% luminal narrowing, moderate cerebral vasospasm as between 30% and 50% luminal narrowing, and severe cerebral vasospasm as > 50% luminal narrowing. 17 Sentinel headaches (bleeds) were defined as a sudden, severe headache of previously unfamiliar character and intensity lasting at least 1 hour in the last 4 weeks of ictus. 2, 28 To qualify as a sentinel headache it must be adjudicated that the patient either improved before the ictus bleed or experienced later deterioration that led to a diagnosis of aSAH. 13, 16 Neuroradiological grade was classified by the modified Fisher grade, which included grading of the amount of subarachnoid blood on the initial CT scan as none, diffuse or localized thin, diffuse or localized thick, as well as presence of intraventricular or intracerebral hemorrhage, and hydrocephalus. 5 DCI from cerebral vasospasm was defined as 1) clinical deterioration, i.e., a new focal deficit, decrease in level of consciousness, or both; and/or 2) a new infarct on CT that was not visible on the admission or immediate postoperative scan, when the cause was believed by the research team to be vasospasm. 5 
Outcome Assessment
Global outcome was assessed by in-person interview or telephone structured interview at 3 months using the 7-point version of the modified Rankin Scale (mRS) rated from death to symptom-free full recovery (0). 8, 25 Poor outcome was defined as death or moderate-to-severe disability (unable to walk or tend to bodily needs, mRS score 4-6). 6, 7, 26 
Statistical Analysis
Data analyses were performed with R statistical software (R version 2.12.2, R Project). All p values ≤ 0.05 were considered significant. Logistic regression was used to identify admission predictors of UEAV and to determine differences between patients with and without UEAV. Cox proportional hazards were calculated to determine if the presence of UEAV affected the rate of DCI. Multivariable models were generated using candidate variables with univariate associations of p < 0.25. Tests for interactions were performed for all significant variables retained in baseline multivariable models. In accordance with Patient-Centered Outcomes Research Institute methodological guidelines 23 we performed multiple imputation using Bayesian methods 30 to account for 3-month mRS scores lost to follow-up. Procedures to create and analyze 10 imputed data sets were performed using the "mi" package 31 for R. Diagnostic plots were used to evaluate the fit of the imputed values produced by the marginal model.
Results
Frequency and Predictors of UEAV
In this cohort of patients with aSAH we found that UEAV occurred in approximately 4.6% (59/1286) of patients. The median day that patients underwent DSA was SAH Day 1 (25% Day 1, 75% Day 2), and studies were available in 89% (1140/1286) of patients. UEAV was confirmed using CTA in 15% (9/59) and DSA in 85% (50/59). Location data were available for 55 patients; 45 patients experienced vasospasm in a single-vessel territory while 10 patients had vasospasm in multiple-vessel territories. UEAV was present in the anterior circulation in 75.9% of patients (n = 44) and the posterior circulation in 24.1% (n = 14; Table 1 ). Patient demographics and clinical characteristics were not significantly different across groups. In a multivariate logistic regression model, younger age, sentinel bleed, and poor Hunt and Hess grade were significantly associated with UEAV (Table 2) .
UEAV and Incidence of DCI
Delayed cerebral vasospasm developed in 23% of the cohort. UEAV was associated with a 2-fold increased incidence of developing DCI (odds ratio [OR] 2.3, 95% confidence interval [CI] 1.4-3.9, p = 0.002). This relationship existed whether evaluating symptomatic vasospasm (OR 1.9, 95% CI 1.1-3.3, p = 0.02) or cerebral infarction adjudicated due to cerebral vasospasm (OR 2.0, 95% CI 1.0-3.9, p = 0.04), and remained highly significant in a multivariable logistic regression model (Table 3 ; Figs. 1 and 2 ). An identical multivariable model was constructed excluding patients who experienced sentinel bleeding to determine whether this could confound the interpretation of the relationship between UEAV and DCI. We found that this relationship remained significant and relatively unchanged (OR 2.1, 95% CI 1.1-4.2, p = 0.026). Imaging to grade UEAV severity was available in 44% of cases. We found that 11 cases had mild, 10 had moderate, and 5 had severe UEAV. In multivariable models excluding cases without data for UEAV severity, we found a significant association between any UEAV and DCI (p = 0.009) but not for UEAV severity and DCI (p = 0.67). In patients who had DCI, UEAV was not associated with an increased risk of cerebral infarction (p = 0.88) or with having more vessel territories with cerebral vasospasm (p = 0.6).
UEAV and Timing of Delayed Cerebral Ischemia
The mean (± SD) time to develop DCI was 5.6 ± 2.9 days in patients with UEAV compared with 6.8 ± 3.7 days without. No patient with UEAV developed DCI after SAH postbleed Day 14. A multivariable Cox proportional hazards model revealed that UEAV was associated with a significantly increased hazard for DCI (Fig. 3) . To assess whether this effect might be secondary to the occurrence of sentinel hemorrhages, an identical analysis excluding all patients who experienced sentinel bleeding was conducted and continued to show a 2-fold increased risk of DCI for patients experiencing UEAV.
UEAV and Functional Outcome
We imputed 3-month mRS scores for 18% of patients who were lost to follow-up. After controlling for known predictors of aSAH poor outcome including age, admission clinical grade, Acute Physiology and Chronic Health Evaluation-II (APACHE-II) physiological subscore, and aneurysm size > 10 mm, we found that patients with UEAV were not significantly associated with poor functional outcome (OR 0.8, 95% CI 0.4-1.6, p = 0.5). No relationship to outcome was found regardless of comparing patients with UEAV to all other patients with aSAH or limiting the analysis to only those patients experiencing DCI. We did not find a significant association of UEAV with functional outcome when excluding patients lost-tofollow-up (p = 0.6, OR 0.83, 95% CI 0.41-1.7) instead of imputing their outcomes, or by inserting a bad outcome to replace all missing data from lost-to-follow-up (p = 0.21; OR 0.69, 95% CI 0.39-1.2).
Discussion
In this study of 1286 patients with aSAH we found that 59 patients (4.6%) experienced UEAV. Younger age, poor clinical grade on admission, and history of sentinel bleeding were associated with the occurrence of UEAV. UEAV was associated with 2-fold increased likelihood of developing DCI. Patients with UEAV also experienced DCI at a faster rate during their hospital course. In contrast to prior studies, UEAV was not found to be associated with poor functional outcome.
Multiple theories have been proposed to explain the etiology of UEAV. Case series describing UEAV report it occurred due to direct manipulation of cerebral vasculature during aneurysm surgery and during angiography following vessel perforation or re-rupturing of a cerebral aneurysm. 10, 20, 24, 35 It has been suggested that mechanical pressure on vessels through the distention of arteries around intracerebral hematomas, raised intracranial pressure, subarachnoid clots, or distended ruptured aneurysms may contribute to vessel narrowing on diagnostic imaging.
2 UEAV has also been described following rupture of arteriovenous malformations and eclampsia. 1, 22, 29, 32 Two published studies utilizing the Tirilazad data set 2, 28 have attempted to more fully characterize the phenomenon of UEAV. These studies report an incidence rate of UEAV between 10% and 13%, 9 in contrast to 4.6% found in the current study. It is unclear what methods were used to detect UEAV in these studies. The presence of UEAV was determined in the current study using DSA in 85% of cases, making it unlikely that the differences in incidence are due to our underdetection of UEAV. The difference in incidence may be attributable to the higher proportion of women enrolled in the Tirilazad studies (81%) compared with the current study (71%) as it has been shown that women are more at risk for cerebral vasospasm. 4 The 5 Tirilazad studies were conducted in Europe, Australia, New Zealand, South Africa, and North America. Regional differences in diet and smoking may also contribute to the increased incidence of UEAV. The current study enrolled a diverse population composed of Caucasian (44%), Hispanic (30%), African American (17%), and Asian (5%) patients, and it is unknown to what extent that genetic factors due to race may play a role in the development of UEAV.
It was found in the Tirilazad data set 2,28 that poor clinical grade, history of hypertension, and history of previous subarachnoid hemorrhage were predictors of UEAV. We found that UEAV was twice as common in patients with poor clinical grade and those having the presence of intracranial hemorrhage on admission CT scans. Our data also showed that the presence of sentinel headaches pre- dicted a 2-fold increased incidence of developing UEAV. In a prospective study of 422 patients, the incidence of sentinel headaches was 20%, which is consistent with the incidence that we found in our cohort. 16 The occurrence of sentinel headaches was not collected during the Tirilazad studies; thus Qureshi et al. 28 and Baldwin et al. 2 could not evaluate the role of sentinel headaches on the occurrence of UEAV. The association between UEAV and sentinel headaches suggests that the etiology of the UEAV phenomena may be in response to exposure to breakdown products of blood clots during previous episodes of subclinical bleeding into the subarachnoid space. If true, the timing of vasospasm relative to the first introduction of blood to the subarachnoid space would be consistent with the timing of delayed cerebral vasospasm and DCI. UEAV was a significant predictor of the development of symptomatic vasospasm and preceded the development of DCI in a multivariable model. However, we did not find support for the hypothesis that sentinel bleeding drove this relationship. Even after excluding patients who experienced sentinel bleeding from the multivariable analysis, UEAV was still associated with a 2-fold increased risk for DCI. These findings suggest that the presence of UEAV has clinical significance regarding the onset of DCI and the occurrence of cerebral infarction. Clinicians should be vigilant and monitor these patients for signs of symptomatic vasospasm as early as SAH Day 2 and recognize these patients as high risk for becoming refractory to conventional management of symptomatic cerebral vasospasm that results in cerebral infarction. In contrast to findings reported by Qureshi et al. 28 and Baldwin et al., 2 the current study did not find a relationship between UEAV and 3-month functional outcome. DCI is the most likely path through which UEAV would impact functional outcome. The fact that only 23% of patients with UEAV developed DCI in combination with the observed difference in UEAV incidence between the current study (4.6%) and those published previously (approximately 10%) may contribute to explaining this discrepancy in study findings. If UEAV incidence is 10%, the current study is adequately powered to detect as small as a 1.2 OR of poor outcome for patients with UEAV. However, at the observed 4.6% incidence rate, to detect an effect of UEAV on poor outcome with 90% power, an effect size of 1.6 is required. The Tirilazad studies 2, 28 observed an OR effect size of 1.5. The previous studies also reflect trends in clinical management of SAH that were popular almost 20 years ago. It is possible that current clinical practices have improved patient care and eliminated or reduced the negative impact of UEAV to such a level that a much larger cohort of patients is required to detect its negative effect on outcome. It should also be considered possible that there is a subpopulation of patients with SAH enrolled in the Tirilazad trials who are more likely to experience UEAV and have it affect their outcome. These remain unresolved issues that should be considered in future studies.
Several limitations to this study deserve mention. In contrast to the Tirilazad studies, this is a single-center study that needs to be replicated to determine how generalizable the current findings are. Although the determination of angiographic vasospasm was blind to outcome and conducted prospectively, the exact degree of cerebral vasospasm present was not available in all patients. Not all patients had DSA performed and the timing of studies was variable across patients. It remains unknown whether these are clinically relevant considerations regarding the relationship of UEAV to DCI risk. Cerebral infarction was determined primarily through CT scan, and it is possible that additional infarction or early evidence of DCI would be detected using MRI if it was safe and logistically feasible to obtain such scanning routinely. Future studies should consider the feasibility of standardizing these factors.
Conclusions
The incidence of UEAV may be as low as 4%-5% of patients with aSAH and is associated with a 2-fold increase in the risk of DCI and cerebral infarctions. Sentinel headaches were associated with an increased risk of developing UEAV but does not appear to confound or mediate the observed effect of UEAV on DCI and cerebral infarctions. Clinicians should monitor UEAV patients vigilantly for signs of DCI early in their course and recognize that these patients are at high risk to be refractory to cerebral vasospasm treatment. Further research is needed to determine the clinical significance of UEAV on functional outcome.
